Introduction
Automotive industries strive to reduce the weight of car bodies in order to meet the regulation of CO 2 emission per mileage. In addition the car bodies need to be crash worthy to meet passenger safety regulations. Advanced High Strength Steels (AHSS) have been developed to meet these requirements. Transformation Induced Plasticity (TRIP) and Dual Phase (DP) steels have increased in application in automotive parts but may be substituted by steels of even higher strength grades. 1) Furthermore, more ultra-high strength components with strength over 1 GPa are expected to be applied in car bodies in the near future. 1, 2) One challenge to manufacturing automotive steel sheets is the ability to eliminate the imperfection in the Zn coating on the steel surface caused by surface oxides formed during the annealing process. The oxides interrupt the formation of the inhibition layer which forms between the molten Zn and steel surface. 3, 4) The inhibition layer is critical for controlling the coating thickness and if it is not formed uniformly could result in un-coated areas (so called bare spots) and irregularities in the Zn coating.
Most of high strength steels for automotive application contain high levels of Al, Si and Mn and sometimes B for strength and toughness. Most of these additional elements are easily oxidized and form strong oxides on the steel surface that cause the aforementioned defects on the coating.
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There have been many studies on the oxidation behaviors during annealing conditions. [3] [4] [5] [6] [7] [8] [9] [10] [11] To identify ways to reduce surface oxides, studies were carried out in various annealing conditions; such as the influence of oxygen partial pressure or H 2 /N 2 ratio in atmosphere, Si/Mn ratio or trace elements in steel compositions etc. Most of these investigations were focused on the reaction of metals with oxygen in atmospheres that were assumed to be under (or near) thermodynamic equilibrium conditions wherein the oxygen partial pressure in atmosphere was determined by gas phase equilibrium. However, Kwon et al. 12) proposed that oxidation of steels during the annealing process could take place under conditions wherein the gas phase was not in equilibrium. Grabke and coworkers have reported oxide-carbide conversion behavior under non-equilibrium conditions in H 2 -H 2 O-CH 4 -CO atmospheres. 13) Non-equilibrium conditions are of importance industrially since, during processing, oxidation occurs within relatively short times (heating and soaking time is limited to approximately 10 min.) in mixed gas atmospheres supplied at room temperature into the annealing furnace.
In this study, oxidation during annealing of Si-Mn steels under a N 2 -H 2 gas are investigated under non-equilibrium conditions. The atmosphere consisted of N 2 and H 2 with minor oxidizing elements such as O 2 and H 2 O. In the conventional studies, oxygen partial pressure is determined (or assumed to be determined) by the equilibrium state of H 2 + O 2 = H 2 O and the oxygen partial pressure is determined through thermodynamics from the initial H 2 O quantity, temperature, and H 2 /O 2 ratio. In this work, however, gas flow rate is taken as an important factor which influences whether or not thermodynamic equilibrium is reached in the atmosphere. Oxidation is studied by using various flow rates of atmospheric gas. The H 2 O level is changed by controlling the dew point (D.P.) to investigate the distinct effects of flow rate and H 2 O level in the atmosphere on the resulting oxidation products.
Experimental
The study is focused on samples from commercially produced steel with composition of 0.09 C-1.7Mn-1.22Si-0.02Sb-0.044Al-0.0004B (all units in wt%) with some impurities. The specimens were machined to 120 × 200 mm coupons of 1.5 mm thickness from industrial cold rolled full hardened strips. Just before the annealing tests, the grease on the specimens was removed by alkaline cleaning using a NaOH solution. The annealing oxidation was carried out in a laboratory scale Iwatani ® hot-dip simulator. The specimens are annealed under the heat cycle in Table 1 .
The atmospheric gas was composed of N 2 -5vol%H 2 and the free O 2 was measured with a doped Zr sensor and determined to be less than 1 volume ppm in the gas. It is equivalent to be less than 10 -6 atm. The water vapor contents in the gas are monitored through a dew point monitor. The experimental dew points, examined in this study were -40°C, -20°C, and 0°C. Gas flow rate was controlled at 3 distinct levels of 5 ℓ/min., 30 ℓ/min., and 100 ℓ/min. The reaction chamber consisted of a quartz tube with inner diameter of 150 mm and its length is 1 200 mm. The average linear gas flow speed in the reaction chamber was calculated as 28.3 cm/min., 169.8 cm/min., and 565.8 cm/min. for the three respective gas flow rates. Thermodynamic calculations were carried out using the commercial package FactSage 6.4. 14) Table 2 shows the partial pressures of O 2 at 800°C in the test atmospheres assuming that thermodynamic equilibrium was established.
9) The computed equilibrium partial pressures of O 2 in equilibrium with the Al, Si and Mn dissolved in the alloy and their respective oxides, Al 2 O 3 , SiO 2 and MnO were calculated to be between 10 -30 -10 -44 atm at 800°C. In the case of the Fe/FeO equilibrium the oxygen partial pressure was calculated to be 10 -19 atm. Under the atmospheric conditions in Table 2 , the oxides of Al, Si and Mn can therefore be considered to be thermodynamically stable since the experimental equilibrium oxygen partial pressures are higher than the ones corresponding to the metal/oxide equilibrium. Fe-oxides on the other hand are not thermodynamically stable unless the form as complex oxides with other elements or as FeO in solution with other oxides.
After the annealing experiments, the specimens were characterized by using a Field Emission Scanning Electron Microscope (FE SEM, AURIGA FIB-SEM, ZEISS) and a 200 KV Scanning Transmission Electron Microscope (STEM, JEM 2100F FE TEM, JEOL). Cross sections of the samples were prepared by focused ion beam (FIB) and inspected by STEM. Spot analysis was carried out through STEM EDS with a probe size of less than 1 nm. Spot Anayses on the sample carried out 3 places to evaluate the range of elements in the oxides. These element range would considered as typical value from random survey.
Elemental profiles on the sample's surface were measured by using Glow Discharge Optical Emission Spectrometry (GDOES). The measured spot size of GDOES was 4 mm diameter. The surface peaks of the profiles in GDOES show the amounts of elements in surface oxides. The peak are integrated to evaluate the amount of an element.
15) The area of this surface peak was integrated and this value was used as relative amounts of elements in the surface oxides.
Results and Discussions

Oxidation Behaviors with Various DP and Flow
Rate Figure 1 shows STEM images of cross sections of the samples after annealing tests at various dew points and gas flow rates in the N 2 -5%H 2 atmosphere. In all the images the top surfaces of the samples are covered with a white layer which is an artificial Pt coating which is applied to protect the samples surface during the preparation for TEM samples. Oxides in the samples appear as dark regions in the image. The image (f) in Fig. 1 is an exception. In this case, white and dark is reversed because it was obtained as a dark field image from TEM. In the case of dew point of 0°C, internal oxides were developed in all the samples regardless of gas flow rates. The depth of internal oxides seems to increase with the increase in gas flow rates at 0°C dew point. With the decrease of dew point the development of internal oxides is influenced by gas flow rates. In the relatively higher flow rate, little internal oxides are observed in the sample's cross sections such as (f), (h) and (i) in Fig. 1 . The internal-external oxidation behaviors shows clear trend with the variation of dew point and gas flow rate. It is well known that, in the absence of a continuous external scale, higher dew points cause internal oxidations as a result of increased dissolved oxygen concentration at the surface. 16) In agreement with other reported results, 6) it was observed that the internal oxidation developed at dew points of 0°C or higher in this study under 100 l/min flow rate. What is noteworthy however is that the appearance of internal oxides shifted to lower dew points when the gas flow rate was decreased. The oxide micro structures were inspected by STEM and EDS. Figure 2 shows a surface and a cross section image of the sample annealed at D.P 0°C and gas flow rate 100 ℓ/min. (same sample in Fig. 1(c) ). Oxides coverage on the sample surface can be found to be non-continuous with regards to surface coverage and in some cases no visible oxides were found on the surface. Furthermore, oxides form as mixed morphology consisting of very thin plate oxides and nodule type oxides of less than 100 nm thickness. The different type of oxides are indicated in Fig. 2 The morphologies of oxides are indicated in Fig. 2(b) . This is support of the observed dependence of internal oxide depth on gas flow rate and dew-point. Both internal oxides and external oxides were found to consist, primarily of Si and Mn oxides. The Si/Mn ratios in the oxides were surveyed in 3 places on the sample besides the ones indicated in Fig. 2 (which is shown as an example). The Si/Mn ratio in the external oxides were found to be 0.45-0.83. Internal oxides show higher Si/Mn and some points in the internal oxides consisted only Si without Mn. Internal oxides mainly follow grain boundaries and are composed of Si-Mn oxides with a Si/Mn ratio ranging from 1.75 in those of point 7 in Fig. 2(b) and Table 3 but in other locations were found to be as high as 16.6 . Fine oxide particles were formed in grain interior as shown in point 6 in the same Figure. It is noteworthy that P was found to be concentrated in the external oxides. Points 4 and 5 in Fig. 2 (b) show that P contents in nodule like oxides are 3.3-8.0 at%. Figure 3(a) shows GDOES profiles for the surface enrichments of Si, Mn, P and O on the sample in DP 0°C when the gas flow rate was 100 ℓ/min. Figure 3(b) shows the GDOES profiles of P on the surface of the samples exposed to DP's of 0, -20 and -40°C. (same sample in Figs. 1(c), 1(f) and 1(i)). A Sharp concentration of P on the top surface of the sample is significantly increased at DP 0°C in comparison to DP -20, -40°C. The P profiles almost overlapped in DP -20 and -40°C in Fig. 3(b) . GDOES analyses are carried out at 3 points on the samples and each peak's area is calculated by integration. Based on the area of peaks, P content is calculated out of total major elements. From the GDOES peaks, it is estimated that P is 3.8-8.7 wt% in the summation of 4 major metallic elements (Si, Mn, P and Al) in the surface oxide layer on the sample tested in DP 0°C. On the same calculation, P is 0.2-0.5 wt% in the surface oxides in the samples exposed to DP's of -20 and -40°C. The P concentration is similarly higher at DP 0°C in other flow rates of 5 and 30 ℓ/min. Under equilibrium, the partial O 2 pressure of P 4 O 10 is 3.3 × 10 -20 atm based on thermodynamic data from FactSage 6.4.
14) This is significantly higher than the aforementioned equilibrium partial pressure of oxygen for the other alloying elements, Si, Mn and Al. As the oxygen concentration decreased, at lower dew points, oxidation of phosphorus does not occur. It would seem reasonable that P oxides would form after the more reactive elements such as Si, Mn and Al are consumed. It is likely that P is not oxidized internally because the internal equilibrium oxygen pressure (set by Mn and/or Si oxides) is below that required to oxidize the dissolved P. P would instead diffuse to the surface and react at the surface once the soluble Si, Mn and B, near the surface are depleted. All the samples tested at DP 0°C show P concentrated on the surface in this study. It is also reported that P oxides are present in the surface oxide layer at DP 0°C, and it is not detected at -30, -60°C.
11) Thus, the cause for the P profile shown in Fig. 3 is likely external oxidation of P, and the outward diffusion of P to replenish the depleted P in the underlying metal. Figure 4 shows a surface and a cross section image of the sample annealed at DP -40°C when gas flow rate is decreased to 5 ℓ/min. (same sample in Fig. 1(g) ). Table 4 shows EDS results on the points in Fig. 4 . Oxides are formed throughout the whole surface regularly in comparison to what was seen in Fig. 2 . In the cross section it can be seen that that surface oxides form a stable continuous layer with a thickness of about 20 nm and nodules form with thickness of over 100 nm. Point 4 in Fig. 4(b) is the EDS analysis spots on the continuous layer and Si/Mn ratio is 0.69. The Si/Mn ratio in continuous layers shows 0.2-3.3 in the analysis in 3 places on the samples. Point 1, 2, 3, 5 in Fig. 4(b) are on the nodule oxides. Upper part of a nodule forms faceted shape and consist almost in pure Mn oxides as shown in point 1, 2 and lower part consist in Si-Mn oxides which Si/Mn ratio is 0.77 and 3.27 as shown in point 3 and 5 in Fig. 4 and Table 4 . The nodules usually composed of higher Mn oxides in the top and higher Si in the bottom areas.
Point 5 is detected some elements of Si, Mn and Fe, however, point 3 shows on Si, Mn. Point 7 shows an internal oxides and it consist in O-Al-Si-Mn-Fe. Si oxides combined with Fe oxides could result in the formation of Fayalite. While EDS analysis is to inaccurate to confirm its existence, the co existance of Fe and substantial amount of Si has been shown in literature to be the formation of Fayalite.
17)
However, it is not clear whether the Fe indeed exists as oxides or whether the signal comes from the background in the steel matrix. Al is not detected in the external oxides and it is included in the internal oxides as shown in point 7
in Fig. 4 and Table 4 . Figure 5 shows a surface and a cross section image of the sample annealed at DP -40°C and gas flow rate 100 ℓ/min. (the sample shown in Fig. 1(i) ). Oxide morphologies on the surface in Fig.5(a) have a liquid appearance with phases adhering on the surface irregularly. Internal oxides are not present and external oxides cover the whole surface and consist of nodular type oxides and thin flat oxides as shown in Fig. 5(b) . The externally shaped nodular type oxides are analyzed by EDS in 3 places of the sample. The oxides are composed of Si oxide only or Si-Mn oxides with Si/ Mn ratio of 4.8-27.5. In the nodular oxides, the upper part seems to be constituted of Si oxide whereas the lower parts are composed of Si-Mn oxides. When considering the accuracy of the characterization methods used however it can not be excluded that the oxide is SiO 2 . Some other oxides consisting of Fe-Si-Mn can also be observed. Si ratio in these oxides are higher in comparison to the sample annealed in DP 0°C, listed in Fig. 2 and Table 3 . About 2.3-5.8 at% Al was detected in the lower part of the nodular oxides in the observed sample. This value is quite high when considering the low contents of Al in the steel matrix. The Al in the steel matrix was measured to be 0.09 at%. The Al concentration on the surface oxides is consistently present in the samples in which little internal oxides were observed in Figs. 1(f) , 1(h), and 1(I). In contrast, there was little Al detected in the external oxides in the case of DP 0°C.
As noted, a small amount of Fe was found in the external oxides. It is likely that Fe would not form as separate Fe oxides but as a complex oxide or as FeO dissolved in MnO due to the relatively low stability of Fe-oxides. It was not clearly observed that the change of gas flow rate had any influence on the amount of Fe oxides. When flow rate is increased, it is possible that the Po 2 increased because non-equilibrated O 2 in initial supply gas could react with Fe on the surface and form Fe oxides. Kwon et al. 12) reported that only Fe 3 O 4 formed on the surface of TRIP steels when gas flow exceeds 150 cm/min. and DP is higher than -30°C when annealing in a Ar-5%H 2 gas. Pure Fe oxides were however not found in the external scale at even the highest gas flow rates investigated in this study. One of the reasons for the difference could be difference in the reaction-chamber size of the furnaces used in the studies. Kwon's experiment was carried out in a smaller chamber in comparison to in this study and consequently the residence time of the supplied gas would be quite shorter than in the present study at the same gas flow speed. The difference in O 2 level in the atmosphere could influence the test results. Figure 6(a) show GDOES data for the surface enriched elements for the sample annealed under DP -40°C with a gas flow rate of 100 ℓ/min. These surface concentrated elements indicate that oxides on the steel surface. This oxide profile demonstrates a compact external oxide layer as shown in Fig. 5 . Al shows that intensively concentrated on the surface. The Al concentration, however, would be influenced by DP and gas flow rates as shown in Figs. 6(b) , 6(c). Figure 6(b) shows Al profiles in GDOES data for the samples annealed under DP 0°C to -40°C with a gas flow rate of 100 ℓ/min. In DP 0°C, Al concentrated at low level at the surface and slightly increased again inwardly until 1 μm depth. This is because Al could not contribute in the formation of external oxides and Al formed internally. This is the same sample shown in Figs. 2 and 1(c) where internal oxidation occurred to significant depth. On the contrary, in DP -20 and -40°C, Al concentrated only on the external oxides and its peak is very high in comparison to DP -0°C. Figure 6 (c) show Al profiles in GDOES data for the samples annealed under DP -40°C with gas flow rates of 5-100 ℓ/min. Even in low DP of -40°C, Al would not form in external oxides and internal oxides developed at low gas flow rate of 5 ℓ/min. as shown in Fig. 4 . In this case external oxide layer consist in relatively low Si/Mn ratio. Al concentration would sharply increased in the external oxides and few internal oxides at higher gas flow rate of 30 and 100 ℓ/min. These results indicate that a compact external oxide layer did form while very few internal oxides formed. Al is sharply increased in this compact external oxides. This oxide pattern was consistently observed under the condition of low DP and high gas flow rate for the samples shown in Figs. 1(f), 1(h) and 1(i), and 6 .
The spot analyses of EDS in the external oxide layer also identified that Si, Fe and Mn, along with Al in the samples formed compact external oxides. It is likely, based on previous reports in literature, that the Al in the surface oxide layer would form as Al 2 O 3 and/or MnAl 2 O 4 4,7) and the formation of selective oxides on industrial steels become very complex depends on the combination of chemical species and oxygen partial pressure in atmosphere. Generally, it has been reported that a more compact and higher Al 2 O 3 containing surface-oxide layer forms by the increasing the aluminum content of the alloy, 18) and/or low oxygen partial pressure. 19) June et al., recently reported that more protective Al based surface oxides could be induced by heating the sample rapidly instead of slowly. 20) The overall results in this study clearly indicate that surface oxidations in annealing are influenced also with the flow rate of the atmospheric gas. Fig. 6 . GDOES Al profiles in the samples annealed at 800°C in N2-5%H2 of DP 0°C and -40°C with gas flow rate of 100 ℓ/min.
Classification for Oxidation Mode
When the DP is lower and gas flow rate is relatively high thin external oxides form with few or no internal oxides as shown in Figs. 1(f) , 1(h), 1(i) and 6. This group is henceforth referred to as "group I". Oxides exist as very thin flat oxides of several nano meters thickness and bulk like nodular oxides of 40 nm in thickness. They consist of pure SiO 2 and Si-Mn oxides which have high Si/Mn ratio. As shown in the sample of Fig. 5 and Table 5 , the Si/Mn range in this group was found to be in the range of 4.8-27.5 based on EDS spot analysis. Al is a very reactive element which can potentially protect surface protection by selective external oxidation. 14) In the same sample of Fig. 5 and Table  5 , 2.3-5.8 at% Al was also observed in these external oxides and this is believed to contribute to a strong diffusion barrier between atmosphere and steel matrix and it is likely that this suppressed the development of internal oxides.
When DP is -20, -40°C and flow rate is lowered to 5 ℓ/ min., the external and internal oxides formed as shown in Figs. 1(d), 1(g) . The external oxides were of 20 nm thick- Table 6 . Oxide groupings on the annealed samples at 800°C in H2-5%H2 with D.P 0~-40°C and gas flow rate 5-100 ℓ/min.
Gas flow DP 5 ℓ/min. Fig. 4 . There was no or little Al detected in the external oxide. The internal oxides formed as small islands or followed on grain boundaries and some oxides forms network through grain boundaries. The depth of internal oxide extended to 500 nm beneath the surface. It is considered that the external oxides in this case did not prevent the formation of internal oxides due to allowance of inward anion transport and/or allowing access of gas through cavities. This oxidation pattern is denoted as "group II". Figure  4 describes the characteristic features in this group. When DP was lowered to 0°C, internal oxides developed distinctively and increased in depth with gas flow rates as shown in Figs. 1(a), 1(b), 1(c) . The external oxides were formed irregularly and were insufficient to entirely cover the steel surface. It is considered that inward diffusion of O-anions dominated due to higher water vapor containing atmosphere, especially during the initial oxidation stage. This causes the preferable formation of internal oxides with the elements less noble than the matrix, i.e. Si, Mn, Al which are captured internally before they reach the steel surface and these result in a non-continuous external oxide layer. The internal oxides would grow further during the annealing because of the insufficient blocking of the inward diffusion of oxygen atoms due to the non protective external oxide layer. These oxidation pattern would be called as "group III". Figure 2 describes characteristic features in this group.
The promotion of internal oxides with DP could be explained by increasing the partial pressure of oxygen in annealing atmosphere 21, 22) follows from Wagner's model 23) for selective oxidation of a reactive element in a nonreacting matrix. The presence of water vapor enhances the formation of internal oxides due to the dissolved hydrogen (H + ) attacks through the external oxide layers on the surface. [24] [25] [26] [27] The sample annealed at DP -20°C in a gas flow rate of 30 ℓ/min. indicates as an intermediate form of group I and III. Table 6 shows oxide pattern as indicates group I, II, III in the test conditions in this study. Figure 7 depicted oxidation models as these grouping. It shows that the gas flow rate is a very important factor for the formation of annealing oxides at lower DP conditions. Increase of gas flow rate promotes compact external oxides of Al and Si. This external oxide seems to provide an effective diffusion barrier to prevent the growth of internal oxides (group I). Even at low DP when Fig. 7 . Schematic oxidation models grouped as I-III in Table 5 .
the flow rate is low, external oxides do not form compact enough oxides to prevent inter diffusion during the annealing and internal oxides forms isolated forms (group II). At high DP the external oxide forms but is not sufficiently to cover the entire steel surface and in this case internal oxides greatly developed following grain boundary networks regardless of gas flow rate (group III).
Based on Table 6 and Fig. 7 , the results from the current investigation can be summarized as follows: Compact Al containing-continuous external scales which prevent internal oxides form at sufficiently low DP and high gas-flow rates. At Higher DP and lower gas-flow rates the internal oxidation becomes more substantial and the external scale less continuous. The role of flow-rate is therefore critical, and it should be noted that gas flow rates are mostly un-regulated and un-monitored in industrial furnaces.
Oxide Growth Through Gas Phase Diffusion
Under conditions where the gas is lean in oxidizing molecules, the gas phase supply becomes important and the growth of oxides can be expressed through a linear rate constant, expressed 28) as
In which, K MTC is the mass-transfer coefficient (cm/s). M i is the molar mass of the oxidizing gas element (g/g-mole) and C i is the molar concentration of the oxidizing molecule in the gas mixture (moles/cm 3 ), where the superscript G refers to the bulk of the gas and * the sample surface. The mass-transfer coefficient K MTC can be estimated for a laminar boundary layer to a flat surface through the RanzMarshall correlation: 28, 29) k l Re Sc MTC = Here, D i is the binary gas diffusion coefficient of oxidizing gas element, l is length of the sample, Re is the dimensionless Reynolds number, Sc is the dimensionless Schmidt number. Equations (1) and (2) can be used to describe the transport of O 2 and H 2 O. The relative importance of O 2 vs. H 2 O needs however to be considered in light of the gas phase equilibration and dissociation kinetics. From Table 2 it is clear that in the range of gas atmospheres used in this study the presence of O 2 can be neglected if gas equilibration is assumed, and H 2 O would be the gaseous species that is responsible for oxidation. If the gas flow rate is increased, the supply of oxidizing molecules (described by Eq. (1) is increased but in addition, the likelihood of gas equilibration is decreased, due to a shorter residence time in the furnace and thus the presence of any O 2 impurities due to leaks may become important.
From the Eqs. (1) and (2), the linear rate, describing the transport of oxidizing molecules to the steel surface can be calculated. The oxide growth resulting from this supply can then be estimated with the assumption that the entire surface oxidizes uniformly. 28) Table 7 shows gas access rates to the steel surface and oxide thicknesses are calculated based on a 61 s annealing soaking time. The data in Table 7 is limited to the 3 cases where oxidation was limited to external oxidation since it is hard to estimate the amount of internal oxides. From the GDOES element profiles, the areas of surface peaks are calculated by integration to compare the relative amount of each element on the surface of annealed samples. Si/Mn ratios in oxides from the GDOES profile integrals also listed in Table 7 . Actual oxide thicknesses are estimated from the oxygen profile obtained in the GDOES analyses. Figure 8 shows STEM images for the oxide layer and O profiles of the GDOES for the above 3 samples. Oxide thickness determined from the surface to the depth where 10 wt% of O. This is because that below 10 wt% of O is under the influence of the oxide/substrate boundaries.
In Abuluwefa's study 28) the calculated results and real oxide growth show good agreement due to the formation of homogeneous Fe oxides during a relatively long time. In this study, however, the calculation and measurements do not agree as well, especially for the case of DP -20°C with 100 ℓ/min. gas flow. This is because the different of external oxides as diffusion barrier between two studies. In this study, higher SiO 2 ratio in the external oxide layer leading to suppression of ionic diffusion and thereby causing the oxide growth which not to be solely controlled by gas phase transport. Similarly, at DP -40°C, the higher gas flow rate (100 ℓ/min.) brings more oxidizing gas on the steel surface but less oxide is than at the lower gas flow rate (30 ℓ/min.). The higher Si/Mn ratio, at the higher flow rate, could be suppressing the oxide growth.
Non Equilibrium Oxidation in Annealing
It is clearly shown in this study that higher gas flow rate could induce the formation of the compact oxide layer such as SiO 2 and Al 2 O 3 more efficiently. In the flowing gas, gas equilibrium could be attained by gas flow rates due to the equilibrium would be the function of gas diffusion and specific gas reaction rate in the atmosphere. Grabke et al. 13) showed the oxide-carbide reaction in flowing nonequilibrium mixture gases at elevated temperature, which Table 7 . Gas diffusion rate to the steel surface and external oxide thickness both by calculation and measurement in the test samples.
DP -20°C/100 ℓ/min. DP -40°C/30 ℓ/min. DP -40°C/100 ℓ/min. demonstrate that the gas reaction rates depends on gas concentration and gas flow rate. This indicates that gas reactions have their own equilibrium time and oxidation proceeds under non-equilibrium state when gas flow rate is too excessive to reach the gas equilibrium. During equilibrium gas condition, gas flow rate would not appreciably influence the selective oxidation of Si or Al. However, in this study, gas is supplied from room temperature and the gas reaction occurred during heated up in the furnace. It is considered that when the gas flow-rate is increased, the gas phase may not attain equilibrium due to short residence time of supply gas in annealing furnace. In this case the quantity of O 2 impurities could affect the formation of initial selective oxidation of Si and Al and thereby control the formation of external oxides. The formation of external oxides could determine the promotion of internal oxides and entire oxide growth as shown in Group I-III in Fig. 7 .
Free oxygen may react with the surface differently to water vapor. From Table 6 it can be seen that high gas-flow rates promotes Group I oxides, i.e. a continuous external layer with little/no internal precipitates.
If the free oxygen in the gas due to leaks and impurities are not equilibrated before reaching the metal surface, this may oxidize any elements it can on the surface. When the flow rate is too excessive to allow for equilibration, then any available oxygen could form Fe oxides as reported by Kwon et al. 12) Since the system is not in equilibrium, the surface oxide, would eventually get reduced but reduction may be kinetically slow and therefore not proceed to completion. On the other hand, if the gas flow rate for the same gas composition is lowered and any non-equilibrium oxygen is given time to react with hydrogen to establish the equilibrium oxygen partial pressure, then there will be less/ no Fe-oxides formed in the first place. Kwon et al. 12) showed this by comparing the difference in surface oxides formed at high flow rates with low flow rates and by using a catalyst to force equilibration to occur.
In this study, it is discussed about the assumed possible reactions in non equilibrium gas atmosphere with various gas flow rates. Experimental result suggests that the oxidation concept in the non equilibrium gas reaction should be considered to the understanding of the complex oxidation phenomena in the furnace annealing. However, in order to quantify the non-equilibrium oxidation during annealing process it needs further study to measure in-situ Po 2 during reaction and gas reaction rates at elevated temperature.
Oxide morphologies and its compositions could influence the Zn wettability during hot dipping due to the oxide impeding the formation of inhibition layer. There has been many trials to control the oxide formation such as pre-oxidation 30, 31) or by increasing DP during annealing 32) in order to promoting Zn wettability. However, the non equilibrium gas state and the oxidation during heating have been disregarded. Further study for gas diffusion and the behavior in non equilibrium state is needed to understand the complexity of the transient kinetic processes in industrial annealing furnaces.
Conclusion
Steels composed of 0.09 C-1.7Mn-1.22Si-0.02Sb-0.044Al-0.0004B (wt%) were annealed in N 2 -5%H 2 at 800°C. The resulting oxidation products were documented based on variations in dew point and gas flow rates. The examined dew point range was 0~-40°C and gas flow rates between 5-100 ℓ/min. were used. The pertinent findings were as follows.
(1) The growth of internal oxides was found to be closely related with the physical & chemical properties of external oxides. At low DP and fast gas flow rate, DP -40°C with flow rate 30, 100 ℓ/min. and DP -40°C with flow rate 100 ℓ/min., compact SiO 2 rich external oxide layers formed on the steel surface and suppressed the growth of internal oxides. Al oxides were concentrated in the external oxide layers.
(2) At DP 0°C, internal oxides formed and extended deeply into the alloy and followed the grain boundary network in the matrix. This happened at all the gas flow rates investigated and the depth of internal oxide increases with increasing gas flow rate.
(3) In the remaining experimental conditions (other than those in (1), (2)), Si-Mn oxides (Si/Mn ratio 0.2-3.3) formed on the surface of thickness about 20 nm and isolated internal oxides formed in the underlying alloy at both grain boundaries and grain interiors.
